INTRODUCTION
Until recently, storage protein research has been largely restricted to the seed-specific reserve proteins, which provide nutrients to seedlings during their early growth. Their abundance, and the potential for improving seed nutritional quality, were early incentives to investigate seed storage proteins, and they continue to be intensively studied as a plant model for tissue-specific and developmentally regulated genes. Recent research has shown that non-seed tissues also synthesize proteins that are distinct from the seed reserves but have the characteristics of storage proteins. That is, they are expressed abundantly in specific cells, are localized in vacuoles (the progenitors of protein bodies in seeds), and are degraded at a later time for the nutritional needs of other organs. It is perhaps not surprising that vegetative tissues contain reserve proteins since plants assimilate, translocate, and reutilize nutrients extensively throughout their life cycle (for reviews, see Pate, 1980; Simpson, 1986) .
This review focuses on a soybean vegetative storage protein (VSP) that is particularly important for the temporary storage of nitrogen. Unlike the seed proteins, whose massive accumulation comes at the end of a developmental stage, the VSP genes are highly modulated throughout development according to the immediate need to store surplus nitrogen or amino acids. They are particularly intriguing and attractive for further studies because their expression is enhanced by severa1 different stimuli, including seed pod removal, high nitrogen nutrition, and wounding. Jasmonic acid, a nove1 plant compound and a possible endogenous gene regulator, also induces VSP gene expression. As with their seed counterparts, the VSP genes may be important targets for increasing plant productivity or nutritional quality through genetic engineering.
VSP: A PATTERN OF STORAGE
The turnover of plant proteins releases amino acids for reutilization, often after the amino acids have been translocated to new organs. Although all proteins may be considered to "store" amino acids, the accumulation of most proteins is governed by the need for their enzymatic or other metabolic activity. Thus, proteins usually have limited flexibility in their storage capacity (Wittenbach, Franceschi, and Giaquinta, 1984) . In contrast, the pattern of VSP accumulation and loss correlates well with the changing need for reserve storage in vegetative tissues during plant development .
VSP was first characterized by Wittenbach (1 983), who noted that a protein composed of two glycosylated subunits (about 27 kD and 29 kD) accumulated to about 10% of the soluble leaf protein at flowering, and then declined during seed development. However, if seed pods were removed, VSP continued to accumulate to about 50% of the leaf protein. The preferential loss of leaf VSP as nutrients are being translocated to developing seeds and its massive accumulation when the sinks (i.e., seeds and pods) for mobilized nutrients are removed first suggested its role in temporary storage.
In stems, VSP is found in cells associated with the vascular system (Bantroch, Greenwood, and Staswick, 1989) , and in fully expanded leaves, most of the VSP is present in the bundle sheath (BS) and paraveinal mesophyll cells (PVM) (Franceschi, Wittenbach, and Giaquinta, 1983) . Figure 1 illustrates this distribution and shows that the epidermal cells of immature leaves also contain VSP. The PVM cells are unique to soybean and a few other legumes (Franceschi and Giaquinta, 1983a) , and thcy form a single layer that interconnects the leaf vascular tissues (Fisher, 1967) . Because of their proximity to the phloem and xylem transpor? systems, the PVM and BS cells are thought to be important storage sites for nutrients (Franceschi and Giaquinta, 1983b) . The abundance of VSP in leaves is all the more remarkable considering that the BS and PVM cells comprise less than 20% of the leaf cell volume (Costigan, Franceschi, and Ku, 1987) .
The cellular localization of VSP further supports its classification as a storage reserve. Like nearly all seed storage proteins, VSP accumulates in vacuoles, probably via an amino-terminal signal sequence that is absent from the mature subunits (Staswick, 1989a) .
The VSP amino acid sequences have been deduced from the corresponding leaf and seedling hypocotyl cDNAs (Mason et al., 1988; Staswick, 1988) . The two subunits Tissue sections were fixed in formaldehyde-glutaraldehyde and labeled by silver-enhanced colloidal gold staining with VSP antisera. Visualization was by Nomarski optics, and labeling appears as dark grains within cells, bs, bundle sheath; pvm, paraveinal mesophyll; le, lower epidermis; ue, upper epidermis; vb, vascular bundle; p, palisade parenchyma; s, spongy mesophyll. are about 80% identical and are encoded by only one or two gene copies each. Although their amino acid composition is somewhat similar to the soybean seed storage proteins (Wittenbach et al., 1984) , the VSP subunits have no obvious sequence similarity with the major seed reserves. Unlike the latter, VSP is apparently found in all organs, albeit at varying levels, and is an important temporary reserve in young seed pods (Staswick, 1989b) . Although its role in temporary storage is clear, additional functions for VSP cannot presently be ruled out.
VSP GENE EXPRESSION IS INDUCIBLE BY SEVERAL DIFFERENT STIMULI
A striking feature of the VSP genes is that they are highly inducible by several stimuli, which makes understanding their regulation challenging and interesting. VSP mRNA can increase more than 100-fold in response to certain stimuli; the abundance of VSP transcripts is a major determinant of VSP accumulation. By analogy with other plant genes, it is likely that regulation is at least partially at the level of transcription, although this has not yet been demonstrated for the VSP genes. Control of translation and protein turnover may also be important, but nothing is known about the regulation of these aspects of VSP expression. The conditions that induce expression also support a role in nitrogen storage for VSP since several are related to nitrogen or amino acid availability. To date, most studies have focused on expression in leaves, although the pattern of regulation appears similar in several other organ systems.
Source/Sink Interactions
VSP gene expression in leaves, stems, and seed pods is closely related to whether these organs are currently a sink for nitrogen or a source of mobilized N for other organs (Staswick, 1989a) . For example, immature leaves and pods are net N-importers and contain elevated levels of VSP. As they mature, these organs become a source of N which is then exported to new sinks, such as young leaves, apices, or seeds. Accordingly, VSP gene expression declines as leaves and pods mature. The decline in leaves occurs even before seed development if the strength of other sinks (i.e., young leaves) is sufficient. Expression also increases dramatically during leaf senescence following seed maturation. At this time amino acids are likely to be abundant in leaves because extensive proteolysis is occurring, but there are no growing tissues to which to export nutrients.
The influence of plant sinks on leaf VSP gene expression has also been demonstrated by manipulating the size of the sinks. VSP transcripts in mature leaves increase within a few hours if seed pods are removed during mid-seedfill, when leaves are actively exporting nutrients to the seeds. The response is mimicked in mature leaves, but not in immature leaves, if leaf phloem export is blocked at the leaf petiole (Staswick, 1989a) . This is consistent with the observations that mature leaves export nitrogenous compounds via the phloem but immature leaves do not and that amino acids accumulate in phloem-blocked mature leaves (Ohyama and Kawai, 1983) . Leaf VSP accumulation is also inversely correlated with the number of pods per plant, as is total leaf N ( Kollman et al., 1974) . Taken together, these results demonstrate that soybean leaves have a sensitive mechanism for detecting changes in sink demand for mobilized reserves, and leaf VSP gene expression can be rapidly adjusted accordingly. Sequestering excess amino acids in this way may prevent their accumulation to toxic levels.
Nitrogen Nutrition
If nitrogen storage is an important function for VSP, then expression of these genes should be sensitive to the plant nitrogen status. That is, N first should be allocated for essential biological functions, and then excess N could be stored for later use. Leaf VSP and VSP mRNA levels do correlate with the amount of N provided to non-nodulated plants (Staswick, 1989c) . Under N deficiency, VSP expression is essentially undetectable, whereas at levels approaching toxic concentrations of N, VSP gene expression is considerably greater than in nitrogen-fixing control plants. Furthermore, the induction of VSP expression by some of the other stimuli mentioned in this discussion appears to require that moderate levels of N are available to the plants (P. Staswick, unpublished results). Elevated levels of potassium, phosphorus, or sulfur have no effect on VSP gene expression, and N availability appears to influence VSP gene expression rather specifically since other proteins and mRNAs are little affected. These observations also indicate that studies involving the VSP genes should consider the potential for nitrogen availability to influence the experimental results.
may not be the best signal of the need to increase N storage.
A novel compound that may be involved in regulating VSP gene expression endogenously was recently identified. Jasmonic acid (JA) [3-oxo-2-(2'-c/s-pentenyl)-cyclopentane-1 -acetate] and its methyl ester are widely distributed in plant species including soybean (Meyer et al., 1984) , and have been reported to induce the accumulation of specific polypeptides in senescent barley leaves (Weidhase et al., 1987) , promote senescence (Ueda and Kato, 1980) , and inhibit plant growth (Yamane et al., 1980) . JA induces the accumulation of VSP in soybean leaves and in soybean suspension cell cultures (Anderson et al., 1989) . Figure 2A shows that VSP mRNA is also increased in cultured soybean cells within an hour after the addition of 0.4 nM JA and continues to rise for at least 24 hr. Other 
Water Deficit
Another condition that increases VSP gene expression is drought stress (Mason et al., 1988) , although the increase of VSP in hypocotyls of stressed soybean seedlings was small compared with the induction in leaves by other conditions. Water deficit can reduce growth, may limit phloem translocation (Nicolas et al., 1985) , and, in certain circumstances, leads to nitrogen accumulation (Hanson and Hitz, 1983) . The increase in VSP in response to water deficit, therefore, may also be related to the storage of unused N. Although most of the VSP was found in the soluble protein fraction of hypocotyls, a low percentage of the small, but not the large, subunit reportedly fractionated with cell walls. The significance of this result is not clear. Using immunocytological methods, we have found VSP in vacuoles but not in association with cell walls of soybean leaves (D. Bantroch, J. Greenwood, and P. Staswick, unpublished results).
Jasmonic Acid
Although N availability is an important prerequisite for VSP expression, it is not known how directly N regulates the VSP genes. Because high levels of soluble N (e.g., amino acids, amides) would be present in source tissues during the time when N is being mobilized from them, amino acids plant growth regulators reportedly have no effect on VSP accumulation (Anderson, 1988) . Whether the endogenous level of JA regulates VSP accumulation in soybean organs is not known. The fact that suspension cell cultures as well as intact leaves respond to JA treatment suggests that JA may not be simply inhibiting phloem export from leaves but may play a more direct role in regulating VSP gene expression. Most studies have found that the highest levels of JA are associated with young tissues in various species (Knofel et al., 1984; Vick and Zimmerman, 1986) , which is consistent with the pattern of VSP expression in soybean. JA also may be phloem-mobile (Anderson, 19854 , and JA levels in mature leaves could increase when leaf phloem export is blocked. It will be important to determine whether depodding and other treatments that alter VSP expression result in a correlative change in the endogenous level of JA.
Wounding
Although a reduction in sink size, rather than tissue wounding, is the major cause of increased leaf VSP in depodded plants (Spilatro and Anderson, 1989; Staswick, 1989a) , recent results indicate that the wounding of leaves also increases leaf VSP mRNA (J. Huang and P. Staswick, unpublished results). Figure 28 demonstrates that, within 24 hr, VSP transcripts are dramatically increased in the damaged leaflet of the trifoliolate soybean leaf. VSP expression is also enhanced, though to a lesser degree, in the undamaged leaflets of the same leaf. The function of VSP in wounded tissues is not clear at this time. Perhaps the storage of resources normally allocated for further growth is a general response to stress. Alternatively, VSP may have an unknown stress-related function. lmportant questions to address in this regard are whether wounding alters nitrogen partitioning or leaf JA levels. A role for JA ' as a signal of plant stress has been suggested (Anderson, 1989a) since JA is a metabolite of fatty acids (Vick and Zimmerman, 1986 ) which can be released from disrupted cell membranes. If JA is phloem-mobile, it could function as a transported wound signal in other tissues as well.
In summary, several physiological factors are associated with elevated VSP gene expression. These include: (1) young tissues, (2) sink removal, (3) phloem blockage, (4) high nitrogen nutrition, (5) jasmonic acid treatment, (6) drought stress, and (7) wounding. For most of these, a correlation of VSP gene expression with the availability of surplus N or amino acids can be postulated, which supports the idea that VSP is involved in N storage. Whether the level of specific nitrogenous compounds modulates VSP gene expression remains to be established. Alternatively, other compounds, such as jasmonic acid, may serve to monitor the rate of export from an organ and could signal the need for nutrient storage when export declined.
NON-SEED STORAGE PROTEINS OCCUR IN OTHER SPECIES
Proteins that appear to be storage reserves in non-seed tissues also have been characterized in a few other species. Potato tubers are modified stems that accumulate protein and starch for later use. Patatin is a particularly abundant tuber glycoprotein (Racusen and Foote, 1980) , which is thought to be a storage reserve. Potato has an interesting parallel with soybean regarding storage in vegetative tissues. Wittenbach (1 982) proposed that leaves of depodded soybean plants become storage organs since they lose their capacity to fix CO, and they accumulate protein and starch. Similarly, the removal of potato tubers results in the accumulation of patatin and starch in aboveground stems and petioles where these storage molecules do not normally occur in abundance (Paiva, Lister, and Park, 1983) . In both cases, in the absence of the normal storage tissues, other vegetative organs assume a storage role. It will be interesting to determine whether the storage protein genes from these two species share similar regulatory mechanisms.
Another example of vegetative storage occurs in deciduous trees. The mobilization of nitrogenous compounds from leaves in the fall and their winter storage for reuse during spring growth are important to conserve nutrients which would otherwise be lost upon leaf abscission (O'Kennedy and Titus, 1979) . Specific vacuolar proteins accumulate in the bark phloem tissues of several tree species in the fall, and these are degraded for remobilization in the spring (Greenwood et al., 1986; Peumans et al., 1986; Wetzel, Demmers, and Greenwood, 1989) .
Proteins having homology with VSP have not yet been characterized in other species, but VSP antisera crossreact with specific leaf proteins in several legumes (Anderson, 1989b; P. Staswick, unpublished results) . Leaf storage proteins have also been suggested to occur in other plants (Witt, Mauk, and Yelenosky, 1989) , and it would not be surprising if the roots of herbaceous perennials store proteinaceous reserves for early spring growth
SlGNlFlCANCE AND PROSPECTS
Severa1 features of soybean VSP genes distinguish them from the seed storage proteinsand make them attractive for further study. In contrast to the seed proteins, VSP expression is not strictly organ-specific, and it is the first example of a storage protein that is abundantly expressed in leaves. Because of the potentially high level of accumulation in leaves and stems, VSP may be useful for increasing the protein content in vegetative tissues of forage crop species. The possibility of engineering the VSP genes to increase the availability of translocated nitrogen and sulfur precursors for seed protein svnthesis has also REFERENCES been suggested (Staswick, 1989b) .
Compared with the seed reserve proteins, VSP expression is more highly modulated. Its accumulation is conditioned by the immediate need for storage, rather than being a developmental goal, as it is for the seed proteins. The strong inducibility of these genes by severa1 stimuli raises interesting questions that can be addressed by current molecular techniques. For example, does a single promoter element mediate the response to the various stimuli, or are different elements involved? Are these cis elements similar to those of other wound-inducible, nitrogen-inducible, or JA-inducible genes? What molecular factors determine the cell-specific pattern of expression? We have cloned genes for each of the two VSP polypeptides (Y. Rhee and P. Staswick, unpublished results) and are addressing these questions in transgenic plants.
A more general question is why different proteins are utilized for storage in vegetative tissues and in seeds. In addition to the need for distinct patterns of expression for each type of storage reserve, there may also be fundamental differences in the cellular control over their mobilization. In this regard, it is interesting that, concurrent with the degradation of the cotyledonary reserve proteins in soybean seedlings, VSP accumulates abundantly in the cotyledons. It is not known whether these two processes occur simultaneously in the same cells or in different cells. The molecular processes that control the catabolism of protein reserves are still poorly understood. Are specific endoproteinases induced at the time of VSP breakdown? Why are the VSP polypeptides refractory to the potent endopeptidases found in most parenchyma cells? Study of the VSP genes will broaden our understanding of vacuolar storage proteins and of the important molecular and cellular events that control nutrient allocation among competing plant organs.
